Colloidally dispersed niobate nanosheets prepared by exfoliation of layered hexaniobate was modified by Ag nanoparticles by photodeposition, and the Ag-loaded colloidal niobate nanosheets showed photochromic response upon alternating irradiation of UV and visible light. Ag nanoparticles were successfully deposited onto the photocatalytically active niobate nanosheets in colloidal state through UV irradiation in the presence of Ag + ions and ethanol. The deposited Ag nanoparticles exhibit a characteristic absorption band of the localized surface plasmon resonance (LSPR), which was also supported by TEM observations. Visible-light irradiation of the Ag-deposited niobate nanosheets caused reduction of the LSPR band intensity, which was recovered by subsequent UV irradiation. Band position also varied corresponding to the alternate visible and UV light irradiations. The reversible spectroscopic change was ascribed to the oxidative dissolution of the Ag nanoparticles located on the niobate nanosheets with visible-light irradiation and re-deposion of metallic Ag with the UV irradiation, as previously reported for the photochromic system of the composite of Ag nanoparticles and TiO 2 .
Introduction
Inorganic nanosheets obtained by exfoliation of layered crystals have been actively investigated in the past decades.
1)4) Rich materials chemistry of the nanosheets has developed based on their highly anisotropic 2D shape accompanied by large surfaces. Typically, the nanosheets have been employed as building blocks of various nanomaterials, where the large surfaces play crucial roles in exhibition of their functions. While a number of layered crystals, exemplified by clay minerals, hydroxides, oxides, phosphates, and graphite, are exfoliated to form the nanosheets, wide band-gap semiconducting oxide nanosheets obtained from layered niobates and titanates such as K 4 4 are one of the most actively investigated species. 5)7) They have been examined as photocatalysts and dielectric materials in the form of both colloidally dispersed nanosheets and films restacked with layer-by-layer techniques. 8) The niobate and titanate nanosheets exhibit UV-light-induced photocatalysis for hydrogen evolution from water, and their wide surfaces facilitate efficient photocatalytic reactions compared with their mother crystals. 9)13) Compositional modifications of the nanosheets such as deposition of cocatalyst nanoparticles have also been examined frequently.
11),12),14),15) Noble metal nanoparticles like Pt have frequently been employed as the cocatalyst.
In the past decade, interests in modification of wide band-gap semiconductors by noble metal nanoparticles have extended beyond conventional cocatalyst deposition to plasmonic applications that utilize characteristic localized surface plasmon resonance (LSPR) appearing in the visible wavelength region for specific noble metal nanoparticles such as Au and Ag. 16) 18) Auloaded TiO 2 shows photocatalytic activity upon visible-light irradiation through charge transfer between Au and TiO 2 driven by plasmon excitation. 19) Ag-loaded TiO 2 also exhibits LSPRassisted visible light photocatalysis. 20) As to the layered semiconducting photocatalysts, Au nanoparticles deposited on the titanate nanosheets are prepared, 21) and they show visible-lightinduced photocurrent generation and photocatalysis. 22) , 23) We have also reported loading of Au nanoparticles on the nanosheets of layered niobate K 4 Nb 6 O 17 and photodeposition of Ag nanoparticles with the aid of LSPR of the preloaded Au particles. 24) In addition to these photocatalytic applications, composites of the plasmonic nanoparticles and semiconducting oxides have been found to show photochromic properties. Tatsuma 27)31) However, to our knowledge, semiconducting nanosheets have not been examined as the matrixes of the photochromic reactions of Ag nanoparticles. The highly anisotropic 2D shape of the nanosheets will enable specific arrangements of the plasmonic particles to materialize unusual photoresponse because the semiconducting nanosheets form diverse assembled structures such as mono-and multilayer films, 32) porous solids, 33) and liquid crystalline sols, 34), 35) which are not generated by conventional 3D crystals. Here we report photocatalytic deposition of plasmonic Ag particles onto the semiconducting hexaniobate nanosheets 36), 37) and photochromic behavior of the deposited particles. While the nanosheets are colloidally dispersed in water, the Ag nanoparticles undergo reversible spectral change by alternate irradiation of UV and visible light.
Experimental method
Niobate nanosheets were prepared by exfoliation of tetra-potassium hexaniobate K 4 Nb 6 O 17 by the method reported previously. 38) , 39) The hexaniobate single crystals were allowed to react with an excess amount of propylammonium chloride aqueous solution (0.2 mol L
¹1
) at 80°C for 7d, and the product was centrifuged, washed, and dialyzed with water to yield the niobate nanosheet colloid with the nanosheet concentration of 15.9 g L ¹1 (based on the mass of K 4 Nb 6 O 17 ). The average lateral size of the nanosheets used in the present study was estimated from TEM images as 0.8¯m based on the long-normal fitting of the size distribution obtained by counting more than 100 sheets. Then, a small portion (0.63 mL) of the colloid was mixed in a vial with an AgNO 3 aqueous solution (0.1 mmoL L ¹1 , 9.37 mL) and ethanol (0.20 mL) in order to load 1 wt % Ag nanoparticles onto the niobate nanosheets whose final concentration was 1 g L ¹1 .
The mixed colloid was stirred for 1 h in the dark.
The colloidal mixture of the niobate nanosheet, AgNO 3 , and ethanol was irradiated with UV light using an Ushio USH-250SC high-pressure mercury lamp without filters under continuously stirring to deposit the Ag nanoparticles onto the niobate nanosheets. The irradiation was interrupted repeatedly to measure the UVvis absorption spectra using a Jasco V-570 spectrophotometer. The Ag-deposited colloidal nanosheets were then irradiated with visible light using the mercury lamp through a HOYA L-42 cutoff filter (>440 nm) with repeated measurements of the absorption spectra. The UV-and visible-light irradiations were repeated a few times. TEM images of the nanosheets were obtained with a Hitachi H-90000NAR microscope. A small portion of the nanosheet colloid was added to a mixture of water and methanol, and loaded on a grid coated with collodion membrane followed by drying at 313 K.
Results and discussion
Plasmonic Ag particles are successfully loaded on the photocatalytically active semiconducting niobate nanosheets by a conventional photodeposition technique. Figure 1 shows variation of UVvis absorption spectra of the niobate nanosheet colloid (1 g L
¹1
) with the photodeposition of Ag. When the colloid is irradiated by UV light in the presence of Ag + and ethanol, a characteristic absorption band evolves at around 450 nm. Since this absorption band is assigned to the LSPR band of Ag nanoparticles, 40) ,41) the spectroscopic observation demonstrates the formation of Ag nanoparticles with particle size of several tens of nanometers. The reaction is ascribed to the reductive photodeposition of the metal nanoparticles onto the photocatalytic niobate nanosheets, where the electrons photogenerated in the niobate nanosheets with the band-gap excitation upon UV light reduce the Ag + ions with the aid of ethanol introduced as the sacrificial donor.
The Ag LSPR band gradually grows with a blue shift of its maximum under continuous UV irradiation. This is clarified by differential spectra shown in Fig. 1(B) . The band growth is ascribed to the increase in the amount of deposited particles with longer irradiations. The blue shift of the band position is rationalized by TEM observation of the photodeposited Ag nanoparticles shown in Fig. 2 . A typical TEM image of the nanosheets recovered from the colloid after 10 min of the irradiation [ Fig. 2(a) ] indicates the presence of many small isolated particles with the size less than 30 nm and a few large particles. The particles are assigned to the photodeposited Ag nanoparticles, and the smaller ones are responsible for the LSPR band because of their size. In contrast, a TEM image of the sample adopted from the colloid after 120 min of the irradiation indicates many of both highly aggregated and isolated particles [ Fig. 2(b) ]. Particle size distribution estimated from the TEM images by counting 100 particles with their size less than 30 nm, shown in Fig. 3 , indicates that number fraction of the particles smaller than 10 nm is larger for the sample after the irradiation for 120 min than the sample irradiated for 10 min. These results suggest that longer irradiation enhances aggregation and thus induces the formation of rather large (>20 nm) Ag nanoparticles to lose their LSPR absorption but smaller particles left in the sample exhibit the blue-shifted LSPR band.
The colloidal niobate nanosheets on which the plasmonic Ag particles are photodeposited exhibit photochromic behavior. The Ag-deposited niobate nanosheet colloid reversibly changes its absorption spectrum upon alternate UV and visible light irradiations, as shown in Fig. 4 . Visible-light irradiation of the Agdeposited colloid reduces the intensity of the LSPR band of Ag nanoparticles on the niobate nanosheets. When this sample is subjected to the UV irradiation again, the intensity of the LSPR band is recovered. Such reversible intensity change of the Ag LSPR band is characteristic to the photochromic behavior observed for the plasmonic Ag particles on TiO 2 .
25), 42) Hence, the present results prove the photochromic behavior of our system. The intensity decrease of the Ag LSPR band by the visible-light irradiation is ascribed to the oxidative dissolution of the Ag nanoparticles photoexcited by the visible light through electron transfer to the semiconducting niobate nanosheets.
The spectral response upon the alternate UV-and visible-light irradiation is repeatable to some extent. Figure 5 summarize changes of the intensity and position of the Ag LSPR band estimated from the differential spectra [see Fig. 4(B) ]. The absorption intensity repeatedly decreases and increases with the alternate UV-and visible-light irradiations, respectively. The extent of the intensity change is gradually reduced with repeating the irradiations because we gradually shorten the irradiation period with repeating the photochromic cycle, suggesting slow response of our system. In contrast, position of the absorption maximum does not change reversibly. It shifts to a longer wavelength with the visible-light irradiation but little changes with the UV irradiation; in consequence, the peak position gradually shifts to longer wavelengths with repeating the visible-light irradiation. Such incomplete reversibility of the photochromic reactions would be attributed to the colloidal state of our system, which is different from previous systems examined in solid state. In our system, Ag + ions generated by the visible-light irradiation would be dissolved to some extent into water present as the solvent, and this process would prevent re-deposition of Ag 0 in a completely reversible manner with the successive UV irradiation. Although the Ag + dissolution upon irradiation is inconvenient for conventional uses of photochromic materials, it can be applied to on-demand release of Ag + ions, which would be useful for antimicrobial systems. In summary, the present study indicates that the colloidally dispersed niobate nanosheets are modified by plasmonic Ag particles and the Ag-deposited nanosheets show a photochromic response. The photochromic reaction is oxidative dissolution of the deposited Ag nanoparticles under visible light and their redeposition under UV light. This behavior is enabled by the semiconducting photocatalytic activity of the niobate nanosheets, and is essentially the same as that reported for the nanocomposite of Ag and TiO 2 .
18),25), 26) Since the colloidal niobate nanosheets show liquid crystallinity, 3),34),38) the Ag-deposited niobate nanosheet colloid would be applied to a photochromic liquid crystal where the photofunction can be controlled by external stimuli. 
